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Sequence requirements for proinsulin processing at the B-chain/C-peptide
junction
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Proinsulin is converted into insulin by the action of two endo-
proteases. Type I (PCl/PC3) is thought to cleave between the B-
chain and the connecting peptide (C-peptide) and type II (PC2)
between the C-peptide and the A-chain. An acidic region
immediately C-terminal to the point of cleavage at the B-
chain/C-peptide junction is well conserved throughout evolution
and has been suggested to be important for proinsulin conversion
[Gross, Villa-Komaroff, Kahn, Weir and Halban (1989) J. Biol.
Chem. 264, 21486-21490]. We have here compared the precise
role of this region as a whole and just the first acidic residue C-
terminal to the point of cleavage in processing of proinsulin by
PC3. To this end, several mutations were introduced in this
region of human proinsulin (native sequence, B-chain
RREAEDL C-peptide): RRPAEDL (ClPro mutant);
RRLAEDL (ClLeu mutant); RRL (Cl-C4del mutant); RRE

INTRODUCTION

Insulin, in common with many other hormones and proteins, is
produced by post-translational endoproteolysis of a biosynthetic
precursor, proinsulin [1-3]. Proinsulin is converted into insulin in
the secretory granules of pancreatic f-cells [4-7]. Two endo-
proteolytic activities have been suggested to be responsible for
this conversion [8]. Recently these activities have been shown to
correspond to the endoproteases PC2 and PC3 (also called PCI)
[9-11], two members of the mammalian family of subtilisin-like
proteases related to the yeast Kex2 gene product [3,12-14]. Type-
I endoprotease (PC3) cleaves on the C-terminal side of the pair
of basic amino acids Arg31-Arg32 linking the B-chain and
connecting peptide (C-peptide) and type II (PC2) on the C-
terminal side of Lys64-Arg"5 linking the C-peptide and the
A-chain [8]. The C-terminal basic residues generated by such
cleavages are then trimmed by carboxypeptidase E/H [15].
The presence of a pair of basic residues is a minimum

requirement for conversion [16-18], but other structural domains
are believed to participate in the presentation of such basic
residues to the endoproteases [3,19,20]. The secondary structure
around the cleavage site of many proproteins seems to be
important in this context given that pairs of basic residues known
to reside at sites of endoproteolytic cleavage are often in regions
forming fl-turns or immediately adjacent to such regions [21-23].
A stable local structure called the 'C/A knuckle' has been
identified at the proinsulin C-peptide/A-chain junction by NMR
studies and could be a recognition site for the endoprotease PC2
[24]. No analogous structure has been identified at the B-chain/C-
peptide junction. The central region of C-peptide itself does not
seem to be important for proinsulin processing as deletion of a

(del-C1Glu mutant). Mutant and native cDNAs were stably
transfected into AtT20 (pituitary corticotroph) cells, in which
PC3 is known to be the major conversion endoprotease, and
kinetics of proinsulin conversion were studied (pulse-chase/
HPLC analysis of proinsulin-related peptides). The results show
that the acidic region following the B-chain/C-peptide junction
is indeed important for PC3 cleavage at this site, and that the
reduced cleavage observed for the C1-C4del mutant proinsulin
can be partially overcome by replacing the acidic region with a
single acidic residue (del-C1Glu mutant). Replacing only the first
residue of the acidic region with leucine (ClLeu mutant) has no
impact on conversion, whereas its replacement with proline
(CiPro mutant) almost completely abolishes cleavage at the B-
chain/C-peptidejunction without affecting that at the C-peptide/
A-chain junction.

large portion of this region (residues 38-62) still allows proinsulin
to be quite efficiently processed when transfected in AtT20 cells
[17].
The first four residues of the C-peptide constitute a highly

acidic region which has been remarkably conserved throughout
evolution [25]. Deletion ofthese four amino acids in rat proinsulin
II was shown to prevent conversion of the mutant proinsulin,
suggesting its involvement in this process [25]. However, in this
particular proinsulin molecule, this deletion brings a proline
immediately C-terminal to the cleavage site between the B-chain
and C-peptide. Consequently the inhibition of the conversion
could have been due to the presence of proline, a cyclic amino
acid that could induce a conformational change at the cleavage
site, rather than deletion of the acidic region per se. It was
furthermore not possible in this previous study to distinguish
between the two conversion intermediates, des-31.32- and des-
64.65-split-proinsulin and intact proinsulin itself. The impact of
the deletion on cleavage at the B-chain/C-peptide as opposed to
the C-peptide/A-chain junction could thus not be addressed.
Given the suggestion that there is a close interaction between
these two junctions [17,18,26], this is of more than academic
interest.

In the present study, the role of the C-peptide acidic region in
proinsulin conversion has been re-evaluated. To this end, native
and mutant human proinsulin cDNAs were stably transfected
into AtT20 cells, a pituitary corticotroph cell line that has
previously been shown to process exogenous prohormones,
including proinsulin [27,28], in addition to the major endo-
genous product pro-opiomelanocortin. These cells have been
shown to express PC3 at very high levels, but to express only very
small amounts of PC2 [29-34]. This makes them suitable for the

Abbreviations used: DMEM, Dulbecco's modified Eagle's medium
Krebs/Ringer/bicarbonate buffer.
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study of substrate specificity in the conversion of proinsulin by
PC3.

MATERIALS AND METHODS
Materials
The expression vector pRSVhIns was generously given by Dr.
H.-P. Moore, University of California, Berkeley, CA, U.S.A. T4
DNA ligase and restriction endonucleases were purchased from
New England Biolabs (Beverly, MA, U.S.A.). [3H]Leucine for
labelling cells was from ARC (St. Louis, MO, U.S.A.), [a-
[35S]thio]ATP for sequencing from Amersham International
(Amersham, Bucks., U.K.) and 1251I-insulin from Sodiag (Losone,
Switzerland). G418 (Geneticin) and pig insulin antiserum for
immunoprecipitation were purchased from Sigma. Modified T7
polymerase and sequencing reagents were from United States
Biochemical (Cleveland, OH, U.S.A.). Lumaflow II scintillating
cocktail was obtained from Lumac (Olen, Belgium). Both the
antiserum and the human insulin standard for radioimmunoassay
were from Novo-Nordisk (Bagsvaerd, Denmark). Culture me-
dium came from Gibco Life Technologies (Paisley, Scotland,
U.K.) and fetal calf serum from Inotech (Dottikon, Switzerland).

Mutagenesis
Mutations were introduced into proinsulin by uracil-DNA-
mediated site-directed mutagenesis (kit from Boehringer-
Mannheim, Rotkreuz, Switzerland). Proinsulin cDNA (from
plasmid pRSVhIns) was cloned into the HindIII-BamHI site of
M13mpl8 RF DNA in order to perform the mutagenesis.
Mutated cDNAs were then subcloned into the HindIII-BamHI
site of the pRSV plasmid, transformed into competent bacteria
DH5 and sequenced.

Cell culture
AtT20 (pituitary corticotroph) cells were grown at 37 °C in a
humidified atmosphere of 5% C02/95% air, in Dulbecco's
modified Eagle's medium with 450 mg/dl glucose (DMEM),
supplemented with 110 units/ml penicillin, 110,ug/ml strep-
tomycin and 10% fetal calf serum.

Transfection and selection of stably transfected clones
Mutant or native pRSVhIns (140,ug) was co-transfected with
24,ug of pRSVNeo into AtT20 cells at low cell density by the
calcium phosphate precipitation method [35]. Cells were incu-
bated with the DNA for 5-6 h and then shocked with glycerol for
1 min. Stable transfectants were selected by culture in medium
containing 0.5 mg/ml (active concentration) G418. Insulin-pro-
ducing clones were screened by radioimmunoassay [36] for
(pro)insulin-like immunoreactivity in media taken after a 1 h
incubation of the cells under basal conditions in DMEM
containing 10 mM Hepes and 0.5 % BSA and after a second 1 h
incubation under stimulatory conditions using the same medium
supplemented with 1 mM isobutylmethylxanthine (IBMX) and
10 ,uM forskolin to raise intracellular cyclic AMP. Two clones of
each transfection (except for the del-C lGlu mutation for which
only one clone expressing appropriate levels of immunoreactive
insulin could be studied) were selected for further study.

Analysis of steady-state content of (pro)insulin-like material
Cells were grown to near-confluence in 10 cm-diameter Petri

acid/0. 1 % BSA, sonicated and centrifuged at 11000 g at 4 °C
for 15 min. The supernatants were prepurified on C18 Sep-Pak
cartridges (Waters Millipore, Bedford, MA, U.S.A.) [37] and
analysed by reverse-phase HPLC by established procedures
[28,38]. The fractions (1 ml) were collected in borosilicate tubes
containing 100 ,1 of0.5 M borate/I % BSA, pH 9.3 (to neutralize
the fractions). After evaporation of the acetonitrile, the fractions
were lyophilized and then reconstituted in 1 ml of 0.2 M gly-
cine/0.25 % BSA, pH 8.8. Proinsulin, conversion intermediates
and insulin in the fractions were quantified by radio-
immunoassay. An equivalent volume of lyophilized HPLC eluate
handled in parallel was used for the standard curve in order to
compensate for any non-specific effect of residual salts in the
fractions [39]. A standard of partially trypsin-treated human
proinsulin containing proinsulin, des-31.32-split-proinsulin, des-
64.65-split-proinsulin and fully processed insulin was subjected
to HPLC after the samples to determine the elution times of the
(pro)insulin-like products by absorbance at 213 nm. The standard
was made by partial digestion of human proinsulin (1 mg/ml) in
Tris/formate, pH 7.4, with trypsin (2 #g/ml; type XIII from
Sigma) for 30 min at 30 °C and then with carboxypeptidase B
(25 ,g/ml; Boehringer-Mannheim) for 30 min at 30 °C [8,40].
The partially digested proinsulin was acidified by addition of
1 M HCl before injection on to an HPLC column.

Preparation of mutant proinsulin standard
As not all mutant proinsulins are co-eluted from HPLC columns
with native proinsulin, it was necessary to prepare standards of
these molecules. Transfected cells grown to near-confluence in
two 10 cm-diameter Petri dishes were washed three times with
Krebs/Ringer/bicarbonate buffer containing 10 mM Hepes,
0.5% BSA and 8.3 mM glucose, pH 7.4 (KRB/Hepes), pre-
incubated for 15 min in KRB/Hepes at 37 °C, and labelled with
500 ,uCi of [3H]leucine in 5 ml of KRB/Hepes per dish for 1 h.
Cells were extracted in 5 ml of 1 M acetic acid/0. 1% BSA,
sonicated and centrifuged at 11000 g at 4 °C for 15 min. The
supernatants were concentrated on C18 Sep-Pak cartridges and
then immunoprecipitated with anti-(porcine insulin) serum using
Protein A-Sepharose as the immobile support [41]. The immuno-
precipitated products were displaced from the Protein
A-Sepharose support with 1 M acetic acid/0.I% BSA, and
repurified on C18 Sep-Pak cartridges to separate them from
antibody (which was also displaced from Protein A by the acid).
Unlabelled human proinsulin (200 ,tg) was added to the eluate as
internal standard. One-tenth of the sample was subjected to
HPLC at once in order to establish the elution time of radioactive
products in the undigested material, and the remainder was
partially digested with trypsin and carboxypeptidase B as de-
scribed above and then injected on to the HPLC column.

Analysis of the kinetics of proinsulin conversion by pulse-chase
experiments
Cells grown to near-confluence in 6 cm-diameter Petri dishes
were washed three times with KRB/Hepes and preincubated for
15 min in KRB/Hepes at 37 'C. Cells were labelled with 200 ,#Ci
of [3H]leucine in 2 ml of KRB/Hepes for 10 min and chased for
up to 120 min in 2 ml ofKRB/Hepes containing 1 mM unlabelled
leucine. At the end of the chase period, cells were extracted into
2 ml of 1 M acetic acid/0.1 % BSA, sonicated, centrifuged at
11000 g at 4 'C for 15 min and the supernatant was collected.
Samples were concentrated on C18 Sep-Pak cartridges and then
immunoprecipitated as described above. Radioactive
(pro)insulin-like products were analysed by reverse-phase HPLC
after addition of 10 jug of partially trypsin-treated humandishes, washed once with PBS, extracted into 5 ml of I M acetic
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proinsulin as internal standard (see above). Fractions of 1 ml
were collected and the radioactivity was measured in a liquid-
scintillation counter after addition of 3.5 ml of Lumaflow II
scintillation cocktail.

RESULTS

Transfection of AtT20 cells with native or mutant human
proinsulin cDNA
The mutant proinsulin cDNAs obtained by site-directed muta-
genesis (Figure 1) were stably transfected into AtT20 cells and
insulin-producing G418-resistant clones were screened by radio-
immunoassay of products released from cells over 1 h under
basal or stimulated conditions. Further experiments were per-
formed on clones producing the most (pro)insulin-like immuno-
reactivity (i.e. more than 10 ng per 106 cells) and from which
secretion could be stimulated 4-6-fold (Table 1). These are
representative of fully regulated AtT20 cells releasing less than
5% of their (pro)insulin-like cellular content under basal con-
ditions and exhibiting a significant response to secretagogues
[28].

Cellular content of immunoreactive (pro)lnsulin-Nke products
under steady-state conditions
To determine the distribution of immunoreactivity in the form
of proinsulin, conversion intermediates and insulin in cells

Cl C2 C3 C4l
31 32433 34 35 36 37 64 65

Native B-chain-Arg-Arg-Glu-Ala-Glu-Asp-Leu-Lys-Arg-A-chain

Cl Pro B-chain-Arg-Arg-Pro-Ala-Glu-Asp -Leu--Lys-Arg-A-chain

Cl-C4del B-chain-Arg-Arg Leu--Lys-Arg-A-chain

Del-ClGlu B-chain-Arg-Arg Glu--Lys-Arg-A-chain

Cl Leu B-chain-Arg-Arg-Leu -Ala-Glu-Asp-Leu--Lys-Arg-A-chain

Figure 1 Amino acid sequence at the beginning of native and mutant
human proinsulin C-peptides

The first four residues of the C-peptide (bold type) are numbered Cl to C4 and constitute the
conserved acidic region. Numbering above each residue indicates its position in the full
proinsulin molecule. Sites of cleavage during proinsulin conversion are shown by arrows.
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Figure 2 HPLC analysis of the steady-state cellular content of insulin-
related peptfdes in AtT20 cells transfected with native (a) or mutant CIPro
(b) proinsulin

Confluent transfected AtT20 cells in 10 cm-diameter Petri dishes were extracted in acid. Cell
extracts were analsyed by HPLC and the (pro)insulin-like immunoreactivity in the fractions was
measured by radioimmunoassay. The elution times of human insulin (1), des-31.32-split-
proinsulin (2), des-64.65-split-proinsulin (3) and proinsulin (4) are indicated by arrows.

under steady-state conditions, cell extracts were subjected
to HPLC and fractions radioimmunoassayed. Representative
HPLC elution profiles for extracts of AtT20 cells transfected
with native human proinsulin or the ClPro mutant proinsulin
are shown in Figure 2.
For cells transfected with native proinsulin cDNA the major

immunoreactive peak was co-eluted with fully processed insulin
(Figure 2a). The relative amounts of each (pro)insulin-like
immunoreactive product were: 90% fully processed insulin and
10% proinsulin.

Cells transfected with ClPro proinsulin exhibited a major
peak that was co-eluted with des-64.65-split-proinsulin (the con-
version intermediate in which cleavage has only occurred between
C-peptide and the A-chain) and only a modest peak of fully

Table 1 Cell content and release of immunoreactve Insulin-related products from native, CIPro, C1-4del, del-C1Glu and ClLeu clones under basal or
stimulated (IBMX/forskolin) conditions
Confluent monolayers of AtT20 cells stably transfected with native, Cl Pro, C1-C4del, del-Cl Glu and Cl Leu proinsulin in six-well culture plates (35 mm-diameter wells) were incubated for 30 min
in medium without (basal) or with (stimulated) 10 ,uM forskolin/l mM IBMX. The media and cell extracts were analysed by radioimmunoassay. Data are presented as means + S.E.M. for the number
of independent experiments shown in parentheses on two individual clones per proinsulin species (except for del-ClGlu for which only one clone was studied).

Insulin-like immunoreactivity

Proinsulin ... Native Cl Pro C1-C4del del-Cl Glu Cl Leu
(6) (9) (9) (5) (1 0)

Basal secretion (ng/106 cells)
Stimulated secretion (ng/106 cells)
Cell content (ng/106 cells)
Basal secretion (% of cell content)
Fold stimulation

2.7 +1.0
13.8+ 5.7

121.0 + 44.5
2.1 +0.1
4.1 +0.7

1.2 + 0.1
7.6 +1.3

40.9 + 7.1
3.3 + 0.4
6.1 + 0.7

0.5+ 0.1
2.3 + 0.2

27.2 + 1.0
1.8+ 0.2
4.9+ 0.3

0.7 + 0.1
3.5+ 0.5

14.1 +1.9
4.5+ 0.3
5.2 + 0.2

1.6 + 0.2
6.8+ 0.7
77 + 9.3
2.1 + 0.1
4.4 + 0.2
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Figure 3 HPLC analysis of immunoprecipitable radioactive products in
AtT20 cells expressing ClPro mutant proinsulin after 10 min label and
60 min chase

Cell extracts were immunoprecipitated using anti-insulin serum, and precipitated products were

subjected to HPLC. Radioactivity was measured in each fraction. The elution times of Cl Pro
insulin (1), des-31.32-split-proinsulin (2), des-64.65-split-proinsulin (3) and proinsulin (4) are

indicated by arrows.

processed insulin (Figure 2b). The relative amounts of each
(pro)insulin-like immunoreactive product were: 83 % des-64.65-
split-proinsulin, 15 % fully processed insulin and 2% proinsulin.
This indicates that the presence of proline at position Cl
considerably slowed down cleavage at the B-chain/C-peptide
junction.

The HPLC elution profiles for cells transfected with the other
mutant proinsulins were quite similar to that shown for native
proinsulin (Figure 2a). Thus cells transfected with Cl-C4del,
del-C IGlu or C Leu proinsulin each showed a major peak offully
processed insulin accounting for more than 96% of the immuno-
reactivity, with only minor peaks of proinsulin or conversion
intermediates. This indicates that the first four amino acids of the
C-peptide were not absolutely required for cleavage at the B-
chain/C-peptide junction and that a leucine at position Cl had
a much less dramatic effect on cleavage than a proline.
From these data it is only possible to conclude that introducing

a proline immediately C-terminal to the B-chain/C-peptide
junction inhibits cleavage at this site. Measuring the relative
amounts ofimmunoreactive proinsulin, conversion intermediates
and insulin in the steady state does not thus provide any

information on the kinetics of proinsulin conversion. For this it
is necessary to follow the fate of newly synthesized proinsulin.

Kinetics of proinsulin conversion
Kinetics of proinsulin conversion were assessed by pulse-chase
experiments (10 min labelling with [3H]leucine and up to 120 min
chase). Cell extracts, after prepurification and immuno-
precipitation with anti-insulin serum, were fractionated by
HPLC, and the radioactivity in the fractions was measured. A
typical HPLC elution profile for CIPro mutant proinsulin
radioactive products is shown in Figure 3. Baseline and peak
resolution shown for this particular mutant is representative of
that found for the other mutants as well as for native proinsulin
(reported by us previously [28]). Summing the radioactivity of
the fractions in each peak (with correction for the relative
number of leucines in insulin compared with proinsulin conse-

quent on cleavage of C-peptide) allowed calculation of the
percentage of each (pro)insulin-like product at each chase time
and thus determination of the kinetics of proinsulin conversion.
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Figure 4 Time course of processing of native (a) and mutant (b, ClPro; c,
C1-44del; d, del-C1Glu; e, ClLeu) proinsulin to conversion intermediates
and insulin In transfected AtT20 cells

Transfected AtT20 cells grown to near-confluence in 6 cm-diameter Petri dishes were labelled
for 10 min with 200 ,uCi of [3H]leucine and chased for up to 120 min. Cell extracts were purified
and fractionated by HPLC as described in the Materials and methods section and the
radioactivity was measured in each fraction. The radioactivity eluted as insulin, des-31.32-split-
proinsulin, des-64.65-split-proinsulin or proinsulin is expressed as a percentage of the sum of
all four at each chase time. Each graph shows the mean+S.E.M. for three independent
experiments performed on two different clones for each mutant, except for del-Cl Glu for which
only one clone was used. E1, Proinsulin; 0, des-31.32-split-proinsulin; A, des-64.65-split-
proinsulin; *, fully processed insulin.
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Three pulse-chase experiments were performed for each pro-
insulin molecule under study.

For native human proinsulin, at the end of the 10 min pulse,
all immunoprecipitable radioactivity was in the form of pro-
insulin. With time of chase, conversion occurred, with radio-
activity associated with proinsulin decreasing in favour of
conversion intermediates or fully processed insulin. Although
proinsulin conversion is a complex multistep process, the time at
which only 50% of immunoprecipitable radioactive products
remain in the form of proinsulin provides a useful index of the
rate of the initial cleavage event (whether it be at the B-chain/C-
peptide or C-peptide/A-chain junction). By 55 min 50% of the
native human proinsulin had disappeared, with progressive
appearance of insulin and a transient accumulation of des-31.32-
split-proinsulin (the conversion intermediate in which cleavage
has occurred only between the B-chain and C-peptide) which
accounted for approx. 15% of total insulin-related products after
60 min of the chase. No des-64.65-split-proinsulin could be
detected. After 120 min of the chase, the major product of the
conversion of native proinsulin was thus fully processed insulin,
accounting for about 80% of the radioactivity with 15 % residual
proinsulin and 5% des-31.32-split-proinsulin (Figure 4a).
The time taken for disappearance of 50% of the ClPro

proinsulin was only slightly less than that for native proinsulin
(68 min compared with 55 min) but the amount of the other
(pro)insulin-like immunoreactive products was strikingly
different (Figure 4b). There was a significant accumulation of
des-64.65-split-proinsulin with only very small amounts ofinsulin
even after 120 min of the chase. No des-31.32-split-proinsulin
was detectable at any time.
The kinetics of conversion of Cl-C4del proinsulin were

intermediate between those of the native and ClPro proinsulins.
The rate of disappearance of proinsulin was much lower than
that ofnative proinsulin (97 min for 50% radioactivity remaining
as proinsulin). There was a progressive accumulation of des-
64.65-split-proinsulin and fully processed insulin. After a 120 min
chase period, there was 380% C1-C4del proinsulin, 33% des-
64.65-split-proinsulin and 29% fully processed insulin (Figure
4c).
The time taken for only 50% of radioactivity to be left in the

form of del-ClGlu proinsulin was also greater than for native
proinsulin (91 min). Unlike in the conversion of the other
proinsulins, neither conversion intermediate was detected at any
time of the chase. After 120 min the major product of del-ClGlu
proinsulin conversion was fully processed insulin, representing
63 % of the radioactivity, with 37% proinsulin (Figure 4d).

Finally, the kinetics of conversion of ClLeu proinsulin were
very similar to those of native proinsulin, with 50% radioactivity
remaining as intact proinsulin at 60 min. By the end of the
120 min chase period, there was 78 % fully processed insulin,
200% proinsulin and 20% des-31.32-split-proinsulin (Figure 4e).

DISCUSSION
In addition to any possible role as a peptide hormone after its
secretion [42,43], C-peptide could play an additional or alterna-
tive role in either the targeting of proinsulin to secretory granules
or its conversion into insulin. Although there is considerable
sequence variation in the C-peptide from one species to the next
[25,44], there are conserved sequences and domains, notably the
acidic N-terminal region [25] which is the focus of the present
study. Proinsulin that lacks this region is well targeted to granules
[25], and, indeed, a mutant proinsulin in which the C-peptide was
entirely missing was similarly targeted to granules in transfected

to play a significant role in targeting proinsulin to granules has
directed interest to the study of its possible role in proinsulin
conversion. In this context, it is suggested that C-peptide domains
are involved in the correct presentation ofthe proinsulinjunctions
to conversion endoproteases. We have previously shown that
proinsulin, in common with other proproteins, is cleaved more

readily when the pair of basic residues at either junction is
preceded by another basic residue in the -4 position [38,46-49].
In the rat, but not in man, one of these residues lies in the
C-peptide (Arg62 of the rat proinsulins) demonstrating that a

region or sequence in this peptide can indeed affect conversion.
It has been shown previously that deletion of the first four

residues of the C-peptide, which constitute an acidic region
largely conserved throughout evolution, inhibits conversion of
rat proinsulin II in transfected AtT20 cells [25]. In this particular
proinsulin molecule, the deletion introduced a proline as the new
N-terminal residue of the C-peptide, immediately adjacent to
the B-chain/C-peptide junction. As it has been shown that the
presence of a proline C-terminal to a pair of basic residues blocks
conversion ofprorenin in transfected AtT20 cells [50], it remained
unclear whether it was deletion of the acidic C-peptide region per
se that had inhibited proinsulin conversion or the unacceptable
presence of the proline C-terminal to Arg31-Arg32 in the mutant
proinsulin. The present study was intended to resolve this
problem and to dissect in greater detail the precise role of the
acidic residues in this region of the C-peptide in proinsulin
conversion. As AtT20 cells express high levels of PC3 but only
very low levels of PC2 [29-34], it is assumed that the results of
this study reflect the substrate specificity of PC3 in proinsulin
conversion. Given the differences in the levels of PC3 and PC2
in AtT20 cells and islet f8-cells (the natural cellular setting for
proinsulin conversion) [51,52], it is not necessarily justifiable to
extrapolate the present findings to the latter cell type. It also
remains possible that other members of the mammalian family of
Kex-2-related proteases known to be present in AtT20 cells may
also be active in proinsulin processing in these cells.

Conversion ofprohormones is believed to occur predominantly
in secretory granules [4-7]. A delay in conversion thus arises
between the point of synthesis (the rough endoplasmic reticulum)
and delivery of a prohormone to the conversion compartment
(immature clathrin-coated granules). The rate of transit between
the rough endoplasmic reticulum and granules differs frcom one

protein to the next. For proinsulin it is relatively rapid [53], in
keeping with a protein that is not glycosylated. A major change
in three-dimensional structure may, however, affect this rate of
transit. Furthermore, abnormal secretory proteins that are unable
to assume their correct three-dimensional organization or that
fail to oligomerize are in some way recognized in the rough en-

doplasmic reticulum and disposed of by a pre-Golgi degradation
mechanism [54-57]. It has been shown for other proteins that
mutations can lead to pre-Golgi degradation (see ref. [58] for
review). In the present study we were not able to examine directly
whether any of the mutant proinsulins are either transferred
more slowly from the rough endoplasmic reticulum to granules
than native proinsulin or possibly degraded in a pre-Golgi
compartment (unfortunately our AtT20 cells expressing the
highest levels of proinsulin still fall well short of the level
required for such a quantitative evaluation of intracellular
trafficking). Even if this were to occur, however, it is reasoned
that there would not be any effect on the pattern of proinsulin
conversion (i.e. the relative susceptibility of the two proinsulin
junctions to cleavage), the topic of immediate interest in the
present study.
Taken together, the data lead us to the following conclusions.

AtT20 cells [45]. The finding that the C-peptide does not appear The presence of a proline C-terminal to the B-chain/C-peptide
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junction inhibits cleavage at this, but not at the C-peptide/A-
chain, junction. Even though this residue, which is usually acidic
(glutamate), can be replaced by a neutral amino acid (leucine) in
the complete proinsulin molecule without affecting conversion,
the N-terminal acidic tetrapeptide region of the C-peptide does
appear to be important for facilitating cleavage at the B-chain/C-
peptide junction. When this region is deleted, conversion is
slowed down considerably. The replacement of leucine by
glutamate immediately C-terminal to the B-chain/C-peptide
junction of the deletion mutant can partially overcome this
inhibition, suggesting that the presence of acidic residues in close
proximity to the B-chain/C-peptide junction is important for its
cleavage. Intriguingly, conversion even at the C-peptide/A-chain
junction of the deletion mutant, and the deletion mutant with
glutamate in the Cl position, but not the ClPro mutant, seems
to be slowed down. This implies that there is some interaction
between the two junctions of the proinsulin molecule. This has
been suggested by others on the basis of studies on the cleavage
of the C-peptide/A-chain junction by PC2 showing that this
enzyme favours des-31.32-split-proinsulin as its substrate over
intact proinsulin [8,18,26]. Unlike these previous studies, how-
ever, our data which, as mentioned above focus on the action of
PC3, suggest that in the intact proinsulin molecule cleavage by
this enzyme at the C-peptide/A-chain junction is in some way
facilitated by the presence of the acidic region of the C-peptide
adjacent to the B-chain/C-peptide junction.
The complete three-dimensional structure of proinsulin has yet

to be defined. One model of proinsulin based on an extrapolation
from the structure of insulin itself does, however, suggest that the
two junctions ofproinsulin are probably in close spatial proximity
[59]. All evidence favours the notion that the C-peptide is a
relatively unstructured and flexible part of the proinsulin mole-
cule [24,59]. One structural domain, the so-called 'C/A knuckle'
has been identified by NMR analysis [24]. No function has yet
been attributed to this domain, although it has been suggested
that it may be involved in conversion [24]. On the basis of the
present data and the remarkable conservation of this region
of the C-peptide throughout evolution [25], it is now proposed
that the N-terminal acidic region represents a second C-
peptide structural domain which is clearly involved in proinsulin
conversion.

This work was supported by grant 31-40839-94 from the Swiss National Science
Fund and by a grant from Hoechst AG. We thank Ms. Isabelle Antoni for expert
technical assistance. This laboratory is a member of the Geneva Diabetes Group.

REFERENCES
1 Steiner, D. F., Kemmler, W., Tager, H. S. and Peterson, J. D. (1974) Fed. Proc. Fed.

Am. Soc. Exp. Biol. 33, 2105-2115
2 Docherty, K. and Steiner, D. F. (1982) Annu. Rev. Physiol. 44, 625-638
3 Halban, P. A. and Irminger, J. C. (1994) Biochem. J. 299, 1-18
4 Orci, L., Ravazzola, M., Amherdt, M., Madsen, O., Vassalli, J. D. and Perrelet, A.

(1985) Cell 42, 671-681
5 Orci, L. (1985) Diabetologia 28, 528-546
6 Orci, L., Ravazzola, M., Amherdt, M. et al. (1986) J. Cell Biol. 103, 2273-2281
7 Orci, L., Ravazzola, M., Storch, M. J., Anderson, R. G. W., Vassalli, J. D. and Perrelet,

A. (1987) Cell 49, 865-868
8 Davidson, H. W., Rhodes, C. J. and Hutton, J. C. (1988) Nature (London) 333,

93-96
9 Bailyes, E. M., Shennan, K. I. J., Seal, A. J. et al. (1992) Biochem. J. 285, 391-394
10 Bailyes, E. B. and Hutton, J. C. (1992) Biochem. J. 286, 223-229

11 Bennett, D. L., Baileys, E. M., Nielsen, E. et al. (1992) J. Biol. Chem. 267,
15229-15236

12 Barr, P. J. (1991) Cell 66, 1-3
13 Smeekens, S. P., Chan, S. J. and Steiner, D. F. (1992) Prog. Brain Res. 92, 235-246
14 Lindberg, I. (1991) Mol. Endocrinol. 5, 1361-1365
15 Davidson, H. W. and Huton, J. C. (1987) Biochem. J. 245, 575-582
16 Halban, P. A. (1982) J. Biol. Chem. 257, 13177-13180
17 Taylor, N. A. and Docherty, K. (1992) Biochem. J. 286, 619-622
18 Docherty, K., Rhodes, C. J., Taylor, N. A., Shennan, K. I. and Hutton, J. C. (1989)

J. Biol. Chem. 264, 18335-18339
19 Halban, P. A. (1990) Trends Endocrinol. Metabol. 1, 261-265
20 Halban, P. A. (1991) Diabetologia 34, 767-778
21 Rholam, M., Nicolas, P. and Cohen, P. (1986) FEBS Lett. 207, 1-6
22 Rholam, M., Cohen, P., Brakch, M., Paolillo, L., Scatturin, A. and Di Bello, C. (1990)

Biochem. Biophys. Res. Commun. 168, 1066-1073
23 Paolillo, L., Simonetti, M., Brakch, N. et al. (1992) EMBO J. 11, 2399-2405
24 Weiss, M. A., Frank, B. H., Khait, I. et al. (1990) Biochemistry 29, 8389-8401
25 Gross, D. J., Villa-Komaroff, L., Kahn, C. R., Weir, G. C. and Halban, P. A. (1989)

J. Biol. Chem. 264, 21486-21490
26 Rhodes, C. J., Lincoln, B. and Shoelson, S. E. (1992) J. Biol. Chem. 267,

2271 9-22727
27 Moore, H. P. H., Walker, M. D., Lee, F. and Kelly, R. B. (1983) Cell 35, 531-538
28 Irminger, J. C., Vollenweider, F. M., Neerman-Arbez, M. and Halban, P. A. (1994)

J. Biol. Chem. 269, 1756-1762
29 Smeekens, S. P., Avruch, A. S., LaMendola, J., Chan, S. J. and Steiner, D. F. (1991)

Proc. Natl. Acad. Sci. U.S.A. 88, 340-344
30 Smeekens, S. P., Montag, A. G., Thomas, G. et al. (1992) Proc. Natl. Acad. Sci.

U.S.A. 89, 8822-8826
31 Hakes, D. J., Birch, N. P., Mezey, A. and Dion, J. E. (1991) Endocrinology 129,

3053-3063
32 Bloomquist, B. T., Eipper, B. A. and Mains, R. E. (1991) Mol. Endocrinol. 5,

201 4-2024
33 Vindrola, 0. and Lindberg, I. (1992) Mol. Endocrinol. 6,1088-1094
34 Zhou, A., Bloomquist, B. T. and Mains, R. E. (1993) J. Biol. Chem. 268, 1763-1769
35 Graham, F. and van der Eb, A. (1973) Virology 52, 456-467
36 Herbert, V., Lau, K. S., Gottlieb, C. W. and Bleicher, S. J. (1965) J. Clin. Endocrinol.

Metab. 25, 1375-1384
37 Cohen, R. M., Given, B. D., Licinio-Paixao, J. et al. (1986) Metabolism 35,

1137-1146
38 Sizonenko, S., Irminger, J. C., Buhler, L., Deng, S., Morel, P. and Halban, P. A.

(1993) Diabetes 42, 933-935
39 Schnetzler, B., Murakawa, G., Abalos, D., Halban, P. A. and Selden, R. (1993) J. Clin.

Invest. 92, 272-280
40 Gross, D., Skvorak, A., Hendrick, G., Weir, G., Villa-Komaroff, L. and Halban, P. A.

(1988) FEBS Lett. 241, 205-208
41 Halban, A. and Wollheim, C. B. (1980) J. Biol. Chem. 255, 6003-6006
42 Johansson, B. L., Sjoberg, S. and Wahren, J. (1992) Diabetologia 35, 121-128
43 Johansson, B. L., Linde, B. and Wahren, J. (1992) Diabetologia 35, 1151-1158
44 Steiner, D. F. (1978) Diabetes 27, 145-148
45 Powell, S. K., Orci, L., Craik, C. S. and Moore, H. P. H. (1988) J. Cell Biol. 106,

1843-1 851
46 Vollenweider, F., Irminger, J. C., Gross, D. J., Villa-Komaroff, L. and Halban, P. A.

(1992) J. Biol. Chem. 267, 14629-1 4636
47 Vollenweider, F., Irminger, J. C. and Halban, P. A. (1993) Diabetologia 36,

1322-1 325
48 Sizonenko, S. V. and Halban, P. A. (1991) Biochem. J. 278, 621-625
49 Halban, P. A. (1994) Diabetologia 37 (Suppl. 2), S65-S72
50 Nagahama, M., Nakayama, K. and Murakami, K. (1991) Eur. J. Biochem. 197,

135-140
51 Neerman-Arbez, M., Cirulli, V. and Halban, P. A. (1994) Biochem. J. 300, 57-61
52 Neerman-Arbez, M., Sizonenko, S. V. and Halban, P. A. (1993) J. Biol. Chem. 268,

16098-1 6100
53 Orci, L. (1982) Diabetes 31, 538-565
54 Lippincott-Schwartz, J., Bonifacino, J. S., Yuan, L. C. and Klausner, R. D. (1988) Cell

54, 209-220
55 Chen, C., Bonifacino, J. S., Yuan, L. C. and Klausner, R. D. (1988) J. Cell. Biol. 107,

2149-2161
56 Bonifacino, J. S., Suzuki, C. K., Lippincott Schwartz, J., Weissman, A. M. and

Klausner, R. D. (1989) J. Cell Biol. 109, 73-83
57 Wikstrom, L. and Lodish, H. F. (1991) J. Cell Biol. 113, 997-1007
58 Bonifacino, J. S. and Lippincott-Schwartz, J. (1991) Curr. Opin. Cell Biol. 3, 592-600
59 Snell, C. R. and Smyth, D. G. (1975) J. Biol. Chem. 250, 6291-6295

Received 12 December 1994/12 May 1995; accepted 19 May 1995


